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Introduction

Estrogen receptar (ERa) and ER are members of the nuclear receptor superfamily of
transcription factors, and studies in ER knockoigenand humans show the important
role for this receptor in reproductive tract deyst@nt, neuronal and vascular function,
and bone growth. ER expression and activation byp@sns also plays a pivotal role in
mammary tumor development and growth (Clemons areb(2001; Hulka et al., 1994)
and early stage ER-positive breast cancer hassemmessfully treated with antiestrogens
such as tamoxifen and other selective ER moduléfarsian, 2003). Although tamoxifen
has been extensively used in clinical applicatitimsie is evidence that prolonged use
may lead to an increased risk for endometrial caocdevelopment of tumors resistant
to endocrine therapy (Clarke et al., 2001). Anraliive approach for inhibiting
estrogen-dependent mammary tumor growth usingdig#or the aryl hydrocarbon
receptor (AhR) has been investigated in this laiooyaMcdougal et al., 2001). For
example, the AhR agonist 6-methyl-1,3,8- trichlobethzofuran (6-MCDF) activates
inhibitory AhR-ERux crosstalk in breast and endometrial cancer dekstodent uterus,
and rodent mammary tumairsvivo (Mcdougal et al., 2001) and 6- MCDF significantly
inhibited 7,12-dimethylbenz[a]anthracene-inducedmmary tumor growth in female
Sprague Dawley rats at doses as low agggkg/d. Moreover, in combination with
tamoxifen, 6-MCDF synergistically inhibited mammawmnor growth in the rat model
and protected against tamoxifen-induced estrogesjgonses in the uterus but did not
affect bone lengthening induced by tamoxifen.

Hormone-mediated mammary tumor growth is dependembodulation of gene
expression and in breast cancer cells, AhR agomsisth as 6-MCDF or the high affinity
AhR ligand 2,3,7,8-tetrachlorodibenpedioxin (TCDD), inhibit 1-estradiol (E2)-
induced progesterone receptor, prolactin recepathepsin D, heat shock protein 27, c-
fos, pS2 and cyclin D1 mRNA and/or protein expressigased on results of promoter
analysis, one inhibitory mechanism involves diiatg¢raction of the AhR complex with
inhibitory dioxin responsive elements (iDRES) inEe3ponsive gene promoters (Porter
et al., 2001). Both E2 and TCDD induce proteasoemeddent degradation of ER
(Wormke et al., 2003) and in breast cancer celieated with E2 plus TCDD, the
resulting low levels of ERmay become limiting and thereby decrease expmnesdio
some hormone-dependent genes. The first objectitrésostudy was to investigate the
mechanism of inhibitory AhR-EdRcrosstalk using the hormone-responsive tri-fumaio
carbamoylphosphate synthetase/aspartate carbansjérase/dihydroorotas€AD)
gene as a model (Khan et al., 2003). Hormonal atitic of CAD and a number of other
E2-responsive genes involved in nucleotide biosgsithand cell cycle progression is
dependent on ERSp1 interactions with GC-rich promoter sequenédxi€lrahim et al.,
2002). In this study, we show that TCDD inhibitsmone induced activation AD
MRNA levels and reporter gene activity in MCF-7 &Rl 75 breast cancer cells
transfected with constructs (pCAD) containing E&pansive regions of the proximal
region of theCAD gene promoter. E2-mediated transactivation of p@aBbstructs with
a mutant inhibitory dioxin responsive element DRERE) were also inhibited by TCDD
suggesting that inhibitory AhR-ERSp1 crosstalk was iDRE-independdhtvas not
possible to determine whether the levels ob&Rcells cotreated with E2 plus TCDD



were limiting since the proteasome inhibitor susiViG132 itself directly decreased
CAD mRNA levels. Using fluorescence resonance eneemster (FRET), it was shown
that both E2 and TCDD enhanced AhRe¢ERteractions. E2 also induced interactions
between ER and Sp1; however, cotreatment with TCDD abrog#iedeffect. Results
of chromatin immunoprecipitation assays of @A&D gene promoter coupled with the
transactivation and FRET data demonstrate a umupael of AhR-ER crosstalk where
the liganded AhR inhibits ERSp1 interactions and also recruitsdeie Ah-responsive
gene promoters (e.G.YP1Al).

The second objective of this study was to invesédhe mechanisms underlying
the inhibitory ER and peroxisome proliferator-aated receptor gamma (PP@R
crosstalk usindCAD gene as the model. PPRR widely expressed in multiple tumors
and cell linesand this receptor has also become a target fola@gng newanticancer
drugs that will take advantage of the antiprolifeaeffects mediated through PPRR
PGJ2 and other PPARxgonists inhibit growth of breast and otbancer cell lines, and
in most cancer cells, these effectslarked to apoptosis, enhanced expression of cyclin-
dependent kinase inhibitors p21 and p27 and inbibif G1S-phase progression.

PPARy agonists ilMCF-7 cells also induce proteasome-dependent datjoadofboth
cyclin D1 and estrogen receptor alpha BRQin et al., 2003). Houston and coworkers
(2003) showed that PGJ2, troglitazone, and cigitazinhibit E2-stimulated cell
proliferation of a leiomyoma-derived cell line almdman primary leiomyoma cultures
and also inhibit ER-mediated gene expression aoidiprexpression. These results
suggested that in uterilomyomas PPARactivation is growth inhibitory and this
inhibition is mediated at least in part by negativesstalkbetween ER and PPAR
signaling pathways. However the underlying mecharo§the inhibitory ER- PPAR
crosstalk remains to be elucidated. Studies inléifisratory have also identified a novel
class of synthetic PPARagonists, 1,1-Bis(3'indolyl)-1-(p-substitutedph@methanes
containing p-t-butyl (DIM-C-pPhtBu), and p-pherfidiM-C-pPhC6H5) groups, that
induce responses in MCFeglls similar to those observed for PGJ2 (Qin gt24l04).

The second objective of this study was to invegtiglae mechanisms underlying
the inhibitory PPAR-ER crosstalk using th€éAD gene as a model and several PRAR
ligands including PGJ2, DIM-C-pPhtBu and DIM-C-pR5. PGJ2 inhibited E2-
inducedCAD gene expression and also downregulated E2-medratesactivation of
CAD gene promoter constructs and this was revers@&PB\Ry antagonist TO07 in
MCEF-7 cells. This suggests a possible inhibitogsstalk between PPARnd ER
signaling pathways in breast cancer cells. In a@diDIM-C-pPhtBu and DIM-C-
pPhC6H5 groups inhibited E2-mediated transactivadicdCAD gene promoter
constructs, however this effect was PRARdependent.



BODY

This project has been focused on the inhibitorgeaf of AhR agonists and PPAR
agonists on E2- induced expressiorCaD gene in breast cancer cells. In this study we
investigated the inhibitory effects of 2,3,7,8-4etnlorodibenzo-p-dioxin (TCDD) on

CAD gene expression (as described in Task 2) andseestidied the effects of PPRR
agonists such as PGJ2, and a new class of RRgéhists 1,1-bis(3'-indolyl)-1p{
substituted phenyl) methanes on E2-induC&@ gene expression as described in task 1
of statement of work.

Previous results showed that E2 induCé&® gene expression in ZR-75 and MCF-7
breast cancer cells and this response is mediatedgh interaction of ERSp1 with
proximal GC-rich motifs (Khan et al., 2003) (Fig. TheCAD gene promoter construct
pCADL1 (region -90 to +115) has 3 GC-rich elememis tavo E-boxes and hormone
responsiveness was found to be associated witlhipstveam GC-rich sites.

pCAD1 90 .. . II +115 I E-box
. GC-rich

Figure 1. Schematic representatiorlC&D gene promoter construct pCAD1 (-90/+115).

TASK 2: Inhibition of hormone-induced CAD gene expression by 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD)

TCDD inhibits hormone-induced activation of CAD gene expression and pCAD
reporter gene activity

This study used th€AD gene as a model for investigating the mechanisms o
inhibitory AhR-ERx crosstalk in which ER/Spl was the hormone-activated
transcription factor complex. We first investigated effects of TCDD on E2-induced
CAD gene expression. Results in Fig. 2A show thatn82¢edCAD mRNA levels in
ZR-75 cells and this response was inhibited byatiteestrogen ICI 182,780 and the AhR
agonist TCDD. Results in Fig. 2B also show thadtimeent of MCF-7 cells with 10 nM
E2 also induce@€AD mRNA levels, whereas treatment with TCDD alon@or
combination with E2 resulted @AD mRNA levels similar to that observed in cells
treated with DMSO (solvent control). These data desirate inhibitory AhR-ER
crosstalk associated with hormonal regulatio@AD gene expression in ER-positive
ZR-75 and MCF-7 cells.
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Figure 2. Regulation dAD mRNA levels in ZR-75 and MCF-7 cells. ZR-75 c¢h$
were treated with DMSO (D), 10 nM E2 (E) alone 124 h, 1uM ICI 182,780 (1), or
10 nM TCDD (T) alone for 12 h, or in combinationtive2 (E+I or E+T) for 12 hCAD
MRNA levels were determined by Northern blot analydsing a similar approac@AD
MRNA levels were also determined in MCF-7 cells fighted with DMSO, 10 nM E2,
10 nM TCDD, or E2 plus TCDD for 6 h.

We then investigated inhibitory AhR-EBRcrosstalk in ZR-75 and MCF-7 cells
transfected with pCAD1 and constructs containingations in critical GC-rich sites and
a potential iDRE motif containing a CACGC motif i 3 and 4). E2 induced
transactivation in cells transfected with pCAD1 a@AD2 which contains the E2-
responsive -90 to +115 and -90 to +25 promoteriasAfter cotreatment with E2 plus
TCDD, the induced luciferase activity was signifidlg decreased (Figs. 3A and 3B). In
a similar set of experiments, ZR-75 cells weredfacted with pCAD1 or pCAD2 and
treated with DMSO, 10 nM E2, E2 plus ICI 182,7801q@M ICI 182,780 alone (Figs.
3C and 3D). The results show that like TCDD, 182780 also inhibited E2-induced
transactivation and the classical antiestrogenavasre effective inhibitor in the
transient transfection studies. We also carriecaczgmparable set of experiments in
MCEF-7 cells transfected with pCAD1 or pCAD2 andhtexl with E2 alone or in the
presence of 10 nM TCDD (Figs. 4A and 4B) or ICI /&D (Figs. 4C and 4D). The
results were comparable to those observed in ZBeli$ and both TCDD and ICI
182,780 inhibited E2-induced transactivation.
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Figure 3. Regulation a€AD constructs in ZR-75 cells. ZR-75 cells were trantfd with
pCAD1 [A and C] or pCAD2 [B and D], treated with (3, 10 nM E2, 10 nM TCDD,
or E2 plus TCDD [A and B] or DMSO, 10 nM E2uM ICI 182,780, or E2 plus ICI
182,780 [C and D] and luciferase activity was deiaed. Results are expressed as
means + SE for three replicate determinations &hdreatment group and significant (p
< 0.05) induction by E2 (*) or inhibition of thigsponse by TCDD or ICI 182,780 (**)
are indicated.
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We also carried out studies on inhibitory AhRéE&osstalk in ZR-75 and MCF-
7 cells transfected with pCAD1 and constructs dairig mutations in critical GC-rich
sites and a potential IDRE motif (Fig. 5A). Thestrpam GC-rich sites #1 and #2 were
previously identified as the major E2-responsivdifsiin the CAD gene promoter (Khan
et al, 2003), and the results in Figure 5B demaisstihat induction by E2 was increased
in ZR-75 cells transfected with pCAD1m1 (mutatee #i2), whereas in cells transfected
with pCAD1m2, hormone-inducibility was not obseryedlicating that GC-rich site #1
was sufficient for hormone inducibility. TCDD inhied E2-induced transactivation in
cells transfected with pCAD1m1. Inhibitory AhR-ERrosstalk for cathepsin D, heat
shock protein 27 and c-fos has been linked to tirgeractions of the AhR complex with
"inhibitory DREs" (iDRESs) containing the core CACGtif that binds the AhR
complex (Krishnan et al., 1995; Porter et al., 200he CAD promoter also contains a
CACGC motif at -45; however, E2 induced luciferas@R-75 cells transfected with
pCAD1m3 (mutated DRE), and in cells cotreated \&ghplus TCDD, the induced
response was significantly inhibited (Fig. 5C). As&ection of plasmids which contain
the mutant iDRE and also mutations of GC-rich sitegpCAD1m4) or #1 and #2
(pCAD1mb) resulted in loss of E2-responsiveness, TADDD had no effect on this
activity. These results suggest that the antiestrimgactivity of TCDD in ZR-75 cells
was iDRE-independent; however, this would not preéelinteraction of the AhR
complex with the GC-riclCAD promoter since previous studies show that the AhR
interacts with both E&Rand Spl (Klinge et al., 1999; Kobayashi et al9a)9

A parallel set of experiments were carried ouli@F-7 cells transfected with
pCAD1, pCAD1m1 and pCAD1m2 (Fig. 5D), pCAD1, pCAD3InpCAD1mM4 or
pCAD1mb5 (Fig. 5E). Although pCAD1m1 was hormonetinible and this response was
inhibited by cotreatment with TCDD (Fig. 5D), thegmitude of the induction response
by E2 was significantly decreased suggesting a imngpertant role for GC-rich site #2 in
mediating activation by E2 in MCF-7 cells. Compatedesults in ZR-75 cells (Fig. 5C),
hormone induced transactivation was decreased iR-¥Cells transfected with
pCAD1m3 (Fig. 5D), suggesting that in MCF-7 cellse CACGC sequence may also
influence hormone-induced transactivation throdgh@C-rich site #2. This observation
was not unprecedented since a previous study in{VIC&lls showed that hormone-
induced transactivation of a GC-rich motif in treghepsin D promoter was also
dependent on a proximal CACGC site (Wang et aB8)9The pCAD constructs are
clearly activated by E2 in ZR-75 and MCF-7 celldl &Ru/Sp1l activation is a critical
component of this process. However, results wighrttutant constructs demonstrate, that
cell context also plays a role in differential &ation of specific promoter elements.
Despite these differences in hormone-induced trdivsdion of wild-type and mutant
CAD promoter constructs in ZR-75 and MCF-7 cells, iitbity AhR-ERu crosstalk was
observed for both gene and reporter gene expresslooth cell lines
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Figure 5. Inhibitory AhR-ER crosstalk in cells treated with wild-type or mut@AD
constructs. [A] Summary &ZAD constructs and thedis elements. Transfection of wild-
type and mutan€AD constructs in ZR-75 [B and C] and MCF-7 [D anccElls. Cells
were transfected with the constructs, treated @MSO, 10 nM E2, 10 nM TCDD, or

E2 plus TCDD, and luciferase activity determinedwlatermined. Results are expressed
as means = SE for three replicate determinationsdoh treatment group and significant
(p < 0.05) induction by E2 (*) or inhibition by Efus TCDD (**) are indicated.
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Characterization of CFP and YFP fusion proteins useé in florescence resonance
energy transfer (FRET)

FRET has been used to study interactions of nuobeaptors and co-regulatory
proteins or peptides in living cells (Llopis et,&@000; Tamrazi et al., 2002; Weatherman
et al., 2002; Bai and Giguere, 2003), and using/€IHP chimeras of EiRand Sp1,
ligand-induced interactions of ERwvith Sp1 in MCF-7 cells have been reported (Kim et
al., 2005). Figure 6A summarizes the YFP/CFP chasesed in this study in MCF-7
cells. ZR-75 cells exhibit lower transfection eiéiccies and were not used for the FRET
studies. In a previous report (Kim et al., 2006)yas shown that the YFP/CFP-&Rnd
Sp1 chimeras were functional in transactivatiomgssFigure 6B summarizes the effects
of DMSO, E2, and E2 plus TCDD on distribution airisfected YFP-AhR in MCF-7 and
COS-1 cells. In MCF-7 cells treated with DMSO &ft] the AhR was detected in the
cytosolic and nuclear fractions, whereas afterttneat with E2 plus TCDD or TCDD
alone, the receptor was localized exclusively erihcleus and exhibited a punctate
staining pattern. In a parallel experiment with CDE&ells that do not express ER or
AhR, the transfected YFP-AhR was both cytosolidfesiear and nuclear in cells treated
with DMSO or E2, whereas E2 plus TCDD or TCDD alamduced formation of a
nuclear AhR complex as observed in MCF-7 cells. flinetionality of the YFP-AhR
chimera was also investigated in COS-1 cells tckaigh DMSO or 10 nM TCDD and
transfected with pDREwhich contains three tandem consensus DREs littkkédefly
luciferase (Figure 6C). In the absence of YFP-ARRDD did not induce luciferase
activity; however, induction by TCDD was observéigiacotransfection of YFP-AhR
indicating that the chimeric YFP-AhR protein wasdtional.

Ligand-dependent AhR activation inhibits ERx-Spl interactions as determined by
FRET

Ligand activation of the AhR complex inhibits indion of ERy/Sp1-dependent
activation ofCAD gene/gene promoter expression in MCF-7 and ZR-I$ @€gs. 2 -
4), and the effects of AhR and ERgands on interactions of CFP-&ERnd YFP-AhR in
living cells were determined by FRET in MCF-7 an@%1 cells (Fig. 7). In solvent
(DMSO)-treated MCF-7 cells transfected with YFP-A&Rd CFP-ER, both receptors
were primarily localized in the nucleus and thiswa#so observed in cells treated with 10
nM E2, 10 nM TCDD, or E2 plus TCDD (Fig. 7A). Cellvere pretreated with TCDD
for 10 min and then treated with E2 (alone or imbmation) for an additional 8 min. A
punctate nuclear pattern was observed in all ¢entl treated groups and was most
pronounced in cells treated with E2 plus TCDD. Eatan of CFP-ER at 410 nm and
emission at 488 illustrates the blue fluorescenssion of the nuclear CFP-ER. The
yellow fluorescence was detected in the FRET chHaatrg25 nm and this represents the
CFP-YFP interaction and energy transfer. The eonssitensities in the FRET channel
were enhanced in the treated cells. The resufggure 7A also quantitate the FRET
efficiencies in the various treatment groups, dretd was a significant increase in FRET
efficiencies in cells treated with E2, TCDD and@ds TCDD. The overlay of the CFP
and FRET signals shown in Figure 7A confirm theamded emission observed in the
FRET channel for the treatment groups.

12
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of YFP-AhR. MCF-7 or COS-1 cells were transfectethw FP-AhR, treated with

13



DMSO, 10 nM E2, 10 nM TCDD, or E2 plus TCDD, anddbzation of YFP-AhR was
determined as described in the Materials and Methi@] Ah-responsiveness of COS-1
cells transfected with YFP-AhR. COS-1 cells weensfected with pDRE3 and different
amounts of YFP-AhR expression plasmid, treated @MSO or 10 nM TCDD, and
luciferase activity was determined. Results argesged as means = SE for three
replicate determinations for each treatment growupsagnificant (p < 0.05) induction by
TCDD is indicated (*).

A parallel set of experiments was also carriedim@OS-1 cells that do not
express endogenous AhR ord&m COS-1 cells transfected with CFP-ER and YFP-
AhR (Fig. 7B), the results of excitation/emissidtndses were similar to those observed
in MCF-7 cells and FRET efficiencies were signifidg increased in COS-1 cells treated
with E2, TCDD and E2 plus TCDD (Fig. 7B).

Direct interactions of chimeric Spl and AhR proseivere not observed in the
FRET assay, and this is not unexpected due toigferholecular weights of these
proteins which preclude adequate distance (1 miObetween the fluorophores to
observe energy transfer. We therefore investigditee@ffects of the liganded AhR
complex on hormone dependent activation obESR1 in MCF-7 cells which express
endogenous AhR. Cells were transfected with CFP&aBllYFP-ER and treated with
solvent (DMSO) control, E2, TCDD or E2 plus TCDellS were pretreated with TCDD
for 10 min prior to addition of E2 for 8 min (Fi§A). Cells treated with DMSO or
TCDD exhibit low FRET efficiencies, whereas aftexatment with E2, there was a
significant increase in the FRET signal. This ligatependent increase was consistent
with our recent FRET study showing &f8p1l interactions in breast cancer cells (Kim et
al, 2005). However, the intensity of the E2-induE&®ET emission is significantly
decreased in cells treated with E2 plus TCDD, amhtjtation of the FRET efficiencies
summarized in Figures 8B confirms this observatidrese data indicate that the
liganded AhR complex induces a rapid change in/BR1 interactions which correlates
with the observed inhibitory AhR-ERcrosstalk on th€AD gene/gene promoter (Figs. 2
- 5). We further investigated ER-AhR interactiongMCF-7 cells treated with DMSO,
E2, TCDD, E2 plus TCDD and transfected with FLAGRAICell lysates were
immunoprecipitated with nonspecific IgG or FLAG imodies and analyzed for ERy
Western blot analysis (Fig. 9A). kRvas detected in IgG precipitates, and the lower
levels were observed in the E2 plus TCDD treatrgeoup. Interactions of ERwith the
AhR were determined in the FLAG antibody immunojpiates in which higher levels
of ERa were observed in the TCDD and E2 plus TCDD treatrgeoups. These results
were consistent with the enhanced AhReEReractions observed by FRET in MCF-7
and COS-1 cells treated with TCDD and E2 plus TQPD. 7). Results in Figure 8B
show that TCDD induced transactivation (compareBMSO), thus confirming that the
FLAG-AhR chimera was functional.
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Figure 7. Ligand-dependent interactions of YFP-/AdriR CFP-ER. MCF-7 [A] and
COS-1 [B] cells were transfected with YFP-AhR arfePCERy, treated with DMSO, 10
nM E2, 10 nM TCDD, and TCDD plus E2 where TCDD vaasled 10 min prior to
treatment with E2. Representative FRET images ¢h é#&atment group were acquired
after 8 min and FRET efficiencies in MCF-7 and CDgells transfected with YFP-AhR
and CFP-ER were acquired from images taken from 8 - 18 miardafeatment. For each
treatment group, 10 - 15 images were acquired aold enage contained 1 - 5 cells
which were subsequently analyzed. Background ssginain the images were subtracted,
and significant (p < 0.05) induction of FRET ef@ocy in the various treatment groups is

indicated by an asterisk.

-]
[=]

Y
(=]

FRET Efficiency

h
[=]

(=]

15



A MCF-7

DMSO E2 E2+TCDD TCDD
o . . .
o . . .
- . . .
B
20 .
Fry
c 151
g
S
o qp 1
m
o
L 5
0 I * ;_
D E E+T T

Figure 8. Ligand-dependent interactions between-ERRPand CFP-Sp1, treated with
DMSO, 10 nM E2, 10 nM TCDD, or TCDD plus E2 wher€OD was added 10 min

prior to treatment with E2. Representative imagesach treatment group were acquired
after 8 min and FRET efficiencies in the variousugs were determined 8 — 18 min after
treatment. For each treatment group, 10 - 15 images acquired and each image
contained 1 - 5 cells which were analyzed for FREICiency by subtracting

background signals. Significant (p < 0.05) inductad FRET efficiency by E2 (*) and
inhibition of this response by cotreatment with TICG*) are indicated.
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Figure 9. FLAG-ANR interaction with ER[A] Coimmunoprecipitation experiments.
MCEF-7 cells were transfected with FLAG-AhR expressplasmid, and cells were
treated with DMSO, 10 nM TCDD, 10 nM E2, or TCDIupIE2 for 30 min, and whole
cell lysates were immunoprecipitated with IgG o¥&. antibodies and then analyzed by
Western blot assays for kR[B] Ah-responsiveness of FLAG-AhR. COS-1 cellsave
transfected with pDRE3 and FLAG-AhR or AhR expresgjiin pcDNA3) plasmids, cells
were then treated with DMSO or TCDD and luciferastvity was determined. Results
are means + SE for three replicate determinationsdch treatment group and
significant (p < 0.05) induction by TCDD is indieatby an asterisk.
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There is also evidence that proteasome-dependgraadtgion of ER in breast
cancer cells cotreated with E2 plus TCDD may resuitniting levels of ER and
thereby inhibit expression of E2-responsive geliésr(nke et al., 2003). Therefore we
investigated the effects of proteasome inhibitor13&onCAD mRNA levels in
presence of different ligands. Results in Figuresti@w that E2 induceGAD mRNA
levels in ZR-75 cells and this was downregulatedelfs co-treated with E2+TCDD.
However, in cells pre-treated with MG132AD mRNA levels were decreased in all the
treatments including the control. Thus in this gtildvas not possible to determine
whether the low levels of ERin cells cotreated with E2 plus TCDD were limitisigce
the proteasome inhibitor MG132 itself directly d=ssedCAD mRNA levels (Figure 10).
Thus, it is possible that decreased and possibiyitig ERx levels in MCF-7 and ZR-75
cells cotreated with E2 plus TCDD may contributé¢hi® antiestrogenic effects of the
latter compound.

25
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Figure 10. Effects of proteasome inhibitor MG132GAD mRNA levels in ZR-75 cells.
ZR-75 cells were pretreated with DMSO (D) or dd MG132 before treating with
DMSO, 10 nM E2 (E), 10 nM TCDD (T) or E+T for 12andCAD mRNA levels were
determined by Real-time PCR analysis. Significant 0.05) induction by E2 (*) and
inhibition of this response by TCDD (**) are indted.

Analysis of ERn, AhR and other transcription Factor interactions with the CAD and
CYP1AL1l gene promoters in MCF-7 and ZR-75 Cells

Results of the FRET experiments suggest that tHe édmplex either forms a
transcriptionally-inactive AhR:ER/Sp1 complex whéne AhR suppresses ER/Sp1 action or the
AhR competitively dissociates ERrom interactions with Sp1 or both pathways arerapive.
AhR-dependent dissociation of ElRrom Spl is supported, in part, by recent studiesving
that treatment of cells with TCDD alone or in condtion with E2 recruits the ER/AhR complex
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to promoters of Ah-responsive genes suc8¥81A1 (Beischlag and Perdew, 2005;
Matthews et al, 20Q05We therefore investigated simultaneous intevastiof AhR/Arnt and
ERa on the endogenod3AD andCYP1A1 gene promoters (Fig. 11A) using a ChlP assay alniti
studies examined interactions of &£Sp1, AhR and Arnt with th€AD gene promoter in ZR-75
cells after treatment with DMSO, 10 nM E2, 10 nMO, and E2 plus TCDD for 1 h (Fig.
11B). There was evidence that all of these trapgon factors were associated with the E2-
responsive (GC-rich) region of ti@&A\D promoter in the solvent (DMSO)-treated group and
similar results were obtained in MCF-7 cells. Aand Sp1l levels exhibited minimal changes
in band intensities in the various treatment grolipe ER band increased and decreased in
cells treated with TCDD and E2 plus TCDD, respedtivand in cells treated with TCDD, there
was a decrease in AhR interaction with @&D promoter. These results show some treatment
related differences at one specific time point)amd, in order to more accurately define
AhR/ERu interaction with theCAD promoter during conditions of inhibitory AhR-FSpl
crosstalk (i.e. E2 plus TCDD), we determined theetidependent interactions of transcription
factors with theCAD promoter in ZR-75 (Fig. 11C) and MCF-7 (Fig. 11[®}ls cotreated with
E2 plus TCDD. In ZR-75 cells, band intensities assed with Arnt and Spl were similar at all
time points (0, 15, 60 or 120 min), whereas afteo6120 min, there was increase in bands
associated with the AhR and a decrease in thel#2Rd. These results are similar to the 60 min
ChIP assay results in the E2 plus TCDD treatmemiig(Fig. 11B). As a positive control for this
experiment in ZR-75 cells, we also showed thattneat with TCDD plus E2 recruited AhR,
Arnt and ER to the Ah-responsive region of tR&P1A1 promoter (Fig. 11C). The time
dependent recruitment of AhR, ERArnt and Spl to th€AD andCYP1A1 promoters were also
determined in MCF-7 cells treated with E2 + TCDDOg(R.1D). In MCF-7 cells, only minimal
changes in ERand AhR band intensities were observed after 1i2Q Imowever, recruitment of
AhR, Arnt and ER to theCYP1ALl promoter was comparable in both cell lines (Fid<C And
11D). As a positive control for these interactions, also compared hormone-induced changes in
the interaction of ERwith the CAD promoter and the region of tp&2 gene promoter
containing a functional ERE The results (Fig. 1iMeye obtained using two ERantibodies and
show that treatment with E2 strongly enhanced Eferactions with th@S2 promoter as
previously describe@rieg et al., 2004; Acevedo et al., 2004; Metne¢ al., 2003; Shao
et al., 2002)In contrast, ER (and Sp1) are constitutively bound to &&D gene promoter in
MCF-7 and ZR-75 cells and treatment with E2 dogasmarkedly affect ER binding to the
promoter. We have observed constitutive bindingRé and Sp1 to GC-rich promoters of other
E2-responsive genes as well. Figure 11F is a coeperiment showing that the transcription
factor TFIIB binds th&sSAPDH promoter but not exon 1 of t@NAP gene as previously
reported. Results of the ChIP assay suggest thatBRn/Spl crosstalk in cells cotreated with
E2 plus TCDD involves ligand-induced disruptionERo/Sp1l by the AhR, and this is
accompanied by slightly decreaseddERteractions with th€AD gene promoter only in ZR-75
cells, whereas Edis recruited to th€YP1Al1 promoter in both cell lines. It was also apparent
from replicate experiments that full dissociatidrE®e. from theCAD gene promoter in ZR-75
cells was not observed, suggesting that AhR mabybbth suppressing ERSpl action and
sequestering ER
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assay on th€AD [B] and CAD/CYP1A1 [C] in ZR-75 cells andCAD/CYP1A1 [D] in
MCF-7 cells. Cells were treated with various reagéor 1 h [B] or 15 min, 1 or 2 h, and
analysis of proteins interacting with promotershe&f CAD andCYP1ALl genes were
determined. [E] Interactions of ERvith the CAD andpS2 gene promoters. MCF-7 or
ZR-75 cells were treated with E2 for 30 or 60 naind analysis of proteins interacting
with the E2-responsive regions of both promoters determined by ChiIP. [F] Control
binding of TFIIB. The control ChIP assay illustratginding of TFIIB to the GAPDH
promoter but not exon 1 of tli&NAP1 gene (negative control).

Results of this study suggest a novel inhibitoschanism where the liganded
AhR disrupts formation of a transcriptionally aetiZRy/Sp1l complex which remains
bound to the E2-responsive region of @&D gene promoter. ERRSpl and the AhR
complexes are associated with @&D promoter in the presence or absence of E2,
TCDD or E2 plus TCDD as determined in a ChIP asBRET studies clearly
demonstrate that the liganded AhR disrupts intevastof ERy and Sp1 and only the
combination of both ChIP and FRET assay providesdgtessary insights on this
mechanism. These results highlight some of they @eaénts € 2 hr) associated with
AhR-dependent inhibition of ERRSp1 action. It is also likely that decreased gene
expression is accompanied by redistribution of teators/corepressor interacting with
the AhR/ERY/Sp1 complex and these are currently being invatd) Future studies will
also determine if the mechanisms of inhibitory stakk observed for th€AD gene
promoter are similar to those for other E2-respangenes regulated by &fSp
proteins.

TASK 1: Inhibition of E2-induced CAD gene expression by PPAfRIigands

PGJ2 inhibits hormone-induced activation ofCAD gene expression and pCAD
reporter gene activity

PPARy is widely expressed in multiple tumors and celés,and this receptor has
also become a target for developing reevicancer drugs that will take advantage of the
antiproliferative and proapoptotaffects mediated through PP{RNe initially
investigated the effects of the PPA&gonist PGJ2 on hormone-indudgdD gene
expression an@AD gene promoter constructs. MCF-7 cells were treaidd 10 nM E2,
10uM PGJ2, 2QuM PGJ2 or E2+PGJ2 for 12 h and mRNA levels wererdahed (Fig.
12). Significant induction by E2 was observed att2ih and this was significantly down
regulated by PGJ2.

10 uM 20 uM

DMSO E2 E+P P E+P P
CAD — s H
b L |
son - — (W
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Figure 12 Effect of the PPARagonist PGJ2 on E2-induc€AD gene expression in ZR-
75 cells. The cells were treated DMSO, 10 nM E2 (BuM PGJ2 (P) or E+P for 12 h.
Cell extracts were obtained, and total RNA wasaisl and subjected to Northern
analysis. The intensity values were normalizedhéovalues of-tubulin mRNA.

The inhibitory effect of PGJ2 on E2-induced tranisation was also investigated
in MCF-7 (Fig. 13) cells transfected with constsucontainingCAD gene promoter
inserts. E2 induced transactivation in cells traafd with pCAD1 (-90/+115) and
pCAD2 (-90/+25) constructs and after cotreatmert &2 plus PGJ2, the hormone-
induced response (luciferase activity) was sigaifity decreased. Constructs containing
deletions of proximal GC-rich sites [pCAD3 (-67/6)-and pCADS (-47/+115)] were
not induced by E2. Also the constructs containiomppmutations in the functional GC-
rich site (#1) in pPCAD1m1 was downregulated by P@b2reas pCAD1m2 which
contains point mutations in both upstream GC-ritdssvas not affected by E2 or PGJ2.
Moreover, the downregulation of E2-mediated tratigatton of CAD gene promoter
constructs in transient transfection assays wasrsed by PPARantagonist N-(4v-
aminopyridyl)-2-chloro-5-nitrobenzamide (T0O07) iMd#-7 cells suggesting that the
observed inhibition of E2-induce&dAD gene expression by PGJ2 is PRARpendent
(Fig. 14).
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Figure 13. Inhibition of estrogen-induced transaation in cells transfected with pCAD
constructs and treated with PGJ2 in MCF-7 cellsSS&nmary ofCAD constructs and
their ciselements. Deletion (B) & mutatuion (C) analysighed CAD promoter in MCF-7
cells. MCF-7 cells were transfected with pCAD praenconstructs, treated with DMSO
(D), 10 nM E2, 1QuM PGJ2 plus E2 or PGJ2 alone and luciferase aetswiere
determined. Results are expressed as means + 2DI&ast three replicate
determinations for each treatment group and sicamti (p < 0.05) induction by E2 (*) or
inhibition by E2 plus PGJ2 (**) are indicated
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Figure 14. Inhibition of estrogen-induced transaatton in cells transfected with pCAD

constructs and treated with PGJ2 in MCF-7 cells AviCcells were transfected with
pCAD constructs, treated with DMSO (D), 10 nM EQ M PGJ2 plus E2 or PGJ2
alone in presence or absence of PRARtagonist TO07 (3M) and luciferase activities
were determined. Results are expressed as medddar &t least three replicate
determinations for each treatment group and sicamti (p < 0.05) induction by E2 (*) or
inhibition by E2 plus PGJ2 (**) are indicate@llso significant inhibition of basal activity
by PGJ2 (a) and its reversal by TO07 (b) are indaa
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DIM-C-pPhtBu and DIM-C-pPhC6H5 inhibits hormone-ind uced activation of CAD
gene expression and reporter gene activity in celteansfected with pCAD constructs

1,1-Bis(3'indolyl)-1-(p-substitutedphenyl)metharestaining p-t-butyl (DIM-C-
pPhtBu), and p-phenyl (DIM-C-pPhC6H5) groups (Hi§) have been investigated as a
new class of PPAYR agonists and these compounds inhibit breast cgnoaith (Qin et
al, 2004). Here we investigated the effects of DIMpPhtBu (# 4) and DIM-C-pPhC6H5
(# 9) on E2-mediated transactivation of pCAD camss in MCF-7 cells (Fig. 16). E2
induced transactivation in cells transfected witAP1 (-90/+115) and pCAD2 (-
90/+25) construct and after cotreatment with E2 [iM-C-pPhtBu (# 4) or E2 plus
DIM-C-pPhC6H5 (# 9), the induced response (lucgeractivity) was significantly
decreased. However this inhibitory effect was eetrsed by PPARantagonists TO07
and GW9662 suggesting that the inhibition of horeroxducedCAD gene promoter
constructs by DIM-C-pPhtBu (# 4) and DIM-C-pPhC6#3) is PPAR-independent
(Fig. 17). Fig. 17C also shows that knockdown oARP by RNA interference (iPPAR
did not affect the inhibition of E2-induced luciéeractivity by the C-DIM compounds
further confirming that this response was PRARIependent. The mechanistic
differences between PGJ2 and PR#sRtive C-DIM compounds were surprising and
current studies are investigating the PRAIonists structure-dependent effects on CAD
and other key hormone-induced genes in breast cagtis.

# 4 = DIM-C-pPhtBu, X=terbutyl

X # 9 = DIM-C-pPhC6H5, X=C6H5

Figure 15. Structure of C-DIMs.
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Figure 16. Inhibition of estrogen-induced transaxtion in cells transfected with pCAD
constructs and treated with DIM-C-pPhtBu (# 4) &iil-C-pPhC6H5 (# 9) in MCF-7
cells. MCF-7 cells were transfected with pCAD consts, pCAD1 [A] or pCAD?2 [B]
treated with DMSO (D), 10 nM E2, # 4 or # 9 alooein combination with E2 [E+ #4o0r
E+ # 9] and luciferase activities were determiriRelsults are expressed as means = SD
for at least three replicate determinations fohgagatment group and significant (p <
0.05) induction by E2 (*) or inhibition by E2 pl#s4 (**) or E2 plus # 9 (**) are
indicated
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Figure 17. Inhibition of estrogen-induced transaation in cells transfected with pCAD
constructs and treated with DIM-C-pPhtBu (# 4) &iM-C-pPhC6H5 (# 9) in MCF-7
cells. MCF-7 cells were transfected with pCAD1 damst and treated with DMSO (D),
10 nM E2, E2 plus # 4, E2 plus #9, # 4 or #9 alaméhe presence or absence of PRAR
antagonist TOO7 [A] or GW9662 [B] and luciferaséidties were determined. C. MCF-7
cells were transfected with pCAD1 construct andted with DMSO (D), 10 nM E2, E2
plus # 4, E2 plus #9, # 4 or #9 alone, in the pres®r absence of PPARNtagonist
TOO7 [A] or GW9662 [B] and luciferase activities reedetermined. C. RNA interference
assay. Cells were transfected with pCAD1and smhblbitory RNA for lamin
(nonspecific control) or PPARand treated with DMSO (D), 10 nM E2, E2 plus #2,
plus #9, # 4 or #9 alone, and luciferase activiaswletermined Results are expressed as
means * SD for at least three replicate deternanatior each treatment group and
significant (p < 0.05) induction by E2 (*) or inliion by E2 plus # 4 (**) or E2 plus # 9
(**) are indicated
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Key Research accomplishments

Induction of CAD gene expression by E2 was significantly downregdldy both
TCDD and the pure anti-estrogen ICI in breast canels

TCDD significantly decreased E2-induced transatitveof GC-richCAD gene
promoter constructs in ZR-75 cells. TCDD also intieith E2-induced luciferase
activity of pPCAD1m3, containing mutations in a paial DRE, suggesting that
this element alone was not responsible for TCDDiated inhibitory responses
.Thus inhibitory AhR/ER crosstalk is functional tre CAD gene promoter in
MCF-7 and ZR-75 cells and is iDRE-independent

Proteasome inhibitors such as MG132 alone sigmifigdolocked basal and E2-
inducedCAD mRNA levels and it was not possible to directlyedmine the
effects of ER« restoration on AhR-mediated effects.

Results of this study demonstrate for the firsetiimat AhR and ER interact in
living MCF-7 and COS-1 cells and this interactia@ivieen AhR and EiRis
enhanced in presence of E2 plus TCDD. InhibitoryRAER0/Sp1l crosstalk in
breast cancer cells cotreated with E2 plus TCDDlwves decreased BiRSpl
interactions as determined by FRET analysis.

CHIP data suggested that the loss obERmM theCAD gene promoter may
involve recruitment of ER to AhR-responsive promoters (e.g. CYP1A1l) and
formation of ERI/AhR complexes. Thus, inhibitory AhR-ERSp1l crosstalk may
involve competitive displacement of ERrom the ER(/Sp1 complex by the
ligand-activated AhR complex or may result in fotioa of inactive AhR-
ERa/Spl complex.

The PPAR agonist PGJ2 significantly downregulated E2-induU€AD gene
MRNA levels and transactivation 6AD gene promoter constructs in a PRAR
dependent manner suggesting a possible crossdallebn PPARand ER
signaling pathways.

PPARy active, 1,1-Bis(3'indolyl)-1-(p-substitutedphemgbthanes containing p-
t-butyl (DIM-C-pPhtBu), and p-phenyl (DIM-C-pPhC6Hgroups also inhibited
E2-mediated transactivation GAD gene promoter constructs, however this
inhibition was PPAR independent.
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Reportable Outcomes
(a) Manuscripts, abstracts, presentations

Khan, S., Abdelrahim, M., Samudio, |., and Safe, S., 2d8&rogen receptor/Spl
complexes are required for induction@AD gene expression by 17beta-estradiol in
breast cancer cells. Endocrinolobg4, 2325-2335.

Khan, S, Kim, K., Barhoumi, R., Burghardt, R., Liu, SndaSafe, S. Molecular
mechanism of inhibitory aryl hydrocarbon receptsir@gen receptor/Spl crosstalk in
breast cancer cells. Mol. Endocrinol. In Press 6200

Khan S., Barhoumi, R., Kim, K., Burghardt, R., and S&eCrosstalk: Aryl
hydrocarbon receptor and estrogen receptor signpithways in breast cancer cells.
96" Annual Meeting of the American Association for CanResearch, Anaheim, CA.
April 16-20, 2005

Khan S., Barhoumi, R., Kim, K., Burghardt, R., and S&eCrosstalk: Aryl
hydrocarbon receptor and estrogen receptor signphithways in breast cancer cells.
Platform competition, College of Veterinary MedigiResearch Symposium, Texas
A&M University, 2005

Khan, S., Abdelrahim, M., Samudio, I., and Safe, S. Estrogeceptor/Spl complexes
are required for induction of CAD gene expressigriBbeta-estradiol in breast cancer
cells.Poster competition, College of Veterinary Medicitesearch Symposium, Texas
A&M University, 2004

Khan, S., and Safe, S. Mechanism of hormonal regulatfoBAD gene expression in

breast cancer cells. 42nd Annual Meeting of thae®pof Toxicology, Salt Lake City,
UT, March 9-13, 2003.

(b) Patents/licences applied for or issued
None.

(c) Degrees
Ph.D

(d) Cell lines/serum
No new lines developed.

(e) Informatics
None.

(f) Funding applied
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Travel Award, College of Veterinary Medicine, Texas A&M University, 2004

(g) Employment/research opportunities
None.
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Conclusions

In summary the results of this research have dat@teseveral important mechanistic
aspects of inhibitory AhR-ERSp1 crosstalk. The data demonstrates that ininybito
AhR-ER0/Spl crosstalk on theAD gene promoter in breast cancer cells cotreatdd wit
E2 plus TCDD involves decreased &Bpl interactions as determined by FRET
analysis. In addition, the loss of ERrom theCAD gene promoter is due, in part, to
recruitment of ER to AhR-responsive promoters (e.g. CYP1A1l) and &irom of
ERa/AhR complexes. Thus, inhibitory AhR-BIRSp1 crosstalk involves competitive
displacement of ER from the ERI/Sp1l complex by the ligand-activated AhR complex
and current studies are investigating the validftthis model for other E®RSp1-
regulated genes in breast cancer cells. In addiverare also investigating the molecular
mechanisms underlying the antiestrogenic actiorA¢fRMs in breast cancer cells.

In this study we also show that PP@&gonist PGJ2 significantly downregulated
E2-inducedCAD gene mRNA levels and transactivatiorG#D gene promoter
constructs in a PPARIependent manner suggesting a possible croskanileen
PPARy and ER signaling pathways. However, DIM-C-pPhtBd ®IM-C-pPhC6H5
inhibited E2-mediated transactivation@AD gene promoter constructs in a PRBAR
independent manner. Current studies are investmg#te PPAR agonists structure-
dependent effects on CAD and other key hormoneeadgenes in breast cancer cells.
Results of this study have increased our understgrad the complex processes
underlying the diverse actions of E2 and will faatke strategies for development of
mechanism-based drugs for treatment of breast cance
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